Introduction
Mangroves are the third most productive and bio-diverse ecosystem in the world, followed by the tropical rain forests and the coral reefs (Lang'at and Kairo 2008). They are mostly confined to the tropics and subtropics covering approximately 75 per cent of the world's coastline between 25° N and 25° S (Borges et al. 2003) . Mangroves provide a wide range of ecosystem services ranging from mitigation of global climate change by carbon capture to the sustenance of local communities, especially locally poor people (e.g. fishermen, honey collectors, etc.) whose livelihood depends upon the mangrove forest products (see Chap. 23 ). Operating as a natural barrier to hazards such as tropical cyclones and tsunamis, mangroves also help in the protection of shoreline areas and prevent coastal erosion (Das and Vincent 2009) . Additionally, they act as biological filters, maintaining water quality in coastal regions and providing nursing grounds for a number of diverse flora and fauna species particularly fish. However, mangroves are extremely sensitive to changing environmental conditions which make these ecosystems highly endangered around the globe (Hutchison et al. 2014) . Around one-third of the world's mangroves have been lost in the last 50 years (Alongi 2002) , and some scientists have suggested that the entire mangrove community might be lost by the end of the twenty-first century (Duke et al. 2007 ). The need for assessment of mangrove forest trends in the context of global change is therefore paramount (Polidoro et al. 2010; Duke et al. 2007; Spencer et al. 2016) .
The Sundarbans, situated between 88°55′ E to 89° E and 21°30′ N to 23°30′ N, comprise the world's largest single block of mangrove forest. The region is estimated to have come into existence 4000 years ago (Ali 1998) and is shared between India (4,000 km 2 ) and Bangladesh (6,000 km 2 ). In 1996, the entire Bangladesh Sundarbans mangroves were declared a 'reserve forest ' and, in 1997 , were designated as a 'UNESCO World Heritage Site'.
1 The Sundarbans Reserve Forest (SRF) is home to around 700 species of flora and fauna giving shelter to a number of endangered species, notably the Royal Bengal Tiger (Panthera tigris) (Rahman 2009 ). Income generated from the forest ecosystem services is extremely important, accounting for 74 per cent and 48 per cent of total household income for lower-and middle-income households residing in some areas of the Sundarbans (Abdullah et al. 2016) . This implies that the forest produces play a major role in the poverty alleviation of the local communities, particularly those people who are exclusively dependent on the forest derived products for their livelihood.
This chapter highlights the potential impacts that the Bangladesh Sundarbans ecosystem (Fig. 26.1 ) faces in the future due to ongoing sealevel rise and climate change and suggests responses that should be taken into account when framing suitable policy options. These options are based on assessing the extent of forest cover and changing species composition associated with physical change and its consequences for forest carbon stocks and ecosystem services that would affect the livelihood of the local communities.
Climate Change and Mangroves
In order to assess the effect of climate change on the mangroves of Bangladesh Sundarbans, two principal approaches were adopted for the present research. One discusses the Bangladesh Sundarbans after a century of geomorphological change under three different sea-level rise scenarios using the Sea Level Affecting Marshes Model (SLAMM) model (Sect. 26.2.1). This focusses on physical land loss due to inundation and erosion associated with projected sea-level rise. Secondly, potential changes in species assemblage during this century, and hence the blue carbon stock and ecosystem services, are identified under the Business As Usual (BAU) scenario using a hybrid model of cellular automata and Markov chain (Sects. 26.2.2, 26.2.3 and 26.3) . This research emphasises that mangrove loss is not exclusively associated with extent but also due to changes in the species composition and loss.
Effects of Regional Sea-Level Rise
With global mean sea-level rise projected as up to 0.98 m or greater by 2100 relative to the baseline period , the Sundarbansmean elevation currently approximately 2 m above mean sea level-is 
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at risk from inundation and subsequent wetland loss; however the magnitude of loss remains unclear. Huq et al. (1995) suggested that 'one meter rise in mean sea level will probably lead to the destruction of the Sundarbans by its complete inundation'. Loucks et al. (2010) estimated that most of the Sundarbans in Bangladesh will be overwhelmed with a rise in sea level of 0.28 m over the next 50-90 years assuming no change in the local net rate of sea-level rise of 4-7.8 mm/year. More recently, based on the concept of the loss of 'elevation capital' (the potential of a mangrove ecosystem to remain within a suitable inundation regime between highest astronomical tide (HAT) and mean sea level (MSL)), Lovelock et al. (2015) suggested that the Sundarbans will be able to sustain itself beyond the year 2100 even under high rates of sea-level rise (1.4 m by 2100). Thus it is clear there is no consensus on the future of the Bangladesh Sundarbans under sea-level rise by the end of this century.
To address this uncertainty remote sensing data and field measurements, geographic information systems and simulation modelling are applied to investigate the potential effects of different sea-level rise scenarios on the Sundarbans ( Fig. 26 .2). Assuming that MSL is a better proxy for mangrove area delineation, the SLAMM model is able to reproduce the observed area losses for the period 2000-2010 (Payo et al. 2016) . Using this calibrated model, the estimated mangrove area net losses (relative to year 2000) are estimated to be 81-178 km 2 (two to five per cent), 111-376 km 2 (three to ten per cent) and 583-1393 km 2 (15-37 per cent) for sea-level rise scenarios to 2100 of 0.46 m, 0.75 m and 1.48 m, respectively, with net subsidence of ±2.5 mm/year. Where relative sea-level rise is less than 0.75 m, these area losses are very small (less than ten per cent of present day mangrove area of 3,778 km 2 ) and significantly smaller than Lovelock et al. (2015) has suggested. Simulations also suggest that erosion rather than inundation may remain the dominant loss driver to 2100 under certain scenarios. Only under the highest scenarios of relative sea-level rise does inundation due to sea-level rise become the dominant loss process, suggesting that the mangrove system will persist until 2100.
Species Assemblage Change
One of the most salient aspects of the Bangladesh Sundarbans mangrove ecosystem is its rich species diversity. The wide variety of floral species in this ecosystem largely accounts for the overall high biodiversity of this region. This high heterogeneity makes characterising the species assemblage and predicting future trends a challenging task.
Analysis of the spatial distribution of mangrove species assemblages is carried out by implementing a hybrid model of Markov chain and cellular automata in business as usual scenario (detailed methodology can be found in Mukhopadhyay et al. 2015) . Results show that species distribution will alter substantially within a hundred years alongside a significant decrease in the forest cover area (Fig. 26.3 ). The areal distribution of species assemblages with the following dominant species decrease in this order: (1) Goran (Ceriops) (2) Sundari (Heritiera), (3) Passur (Xylocarpus) and (4) Baen (Avicennia). On the other hand, assemblages with the following dominant species are predicted to increase: (1) Gewa (Excoecaria), (2) Keora (Sonneratia) and (3) Kankra (Bruguiera). This is potentially related to changes in salinity patterns. Karim (1988) and Hoque et al. (2006) previously differentiated the salinity zones of the Sundarbans into low saline (Oligohaline), moderate saline (Mesohaline) and high saline (Polyhaline) zones. Based on these categories and within the overall decline of 17 per cent of forest area, it is observed that the freshwater-dependent mangroves like that of Heritiera (Oligohaline) would diminish in abundance while there is an increase in the moderate to high salt-tolerant species such as Excoecaria, Avicennia and Bruguiera.
As mentioned earlier, within the next 100 years, almost one-fifth (17 per cent) of the existing forest would disappear from this ecosystem, under the BAU scenario. Extreme episodic events (e.g. cyclonic disaster, tsunami, etc.), which are not taken into account in this study, might make the scenario worse. Apart from the forest cover loss, the modelled output also highlights that low saline species along with their characteristic produce and ecosystem services would decline in future.
It is important to note that the predictions, as discussed in Mukhopadhyay et al. (2015) , assume that the trend of environmental factors such as salinity, temperature, rainfall and sea-level rise leading to these changes will remain the same for the next few decades. However, with the anticipated accelerating changes in the previously mentioned controlling factors, these impacts may be underestimates.
Blue Carbon Stock
Forests, including mangroves, are acknowledged to play a crucial role in mitigating global climate change. Mangroves constitute rich soil carbon content up to several metres depth (Donato et al. 2011 ) and a high belowground carbon content in their root system in comparison to other tropical forests (Lovelock 2008) . They therefore have high rates of carbon sequestration in both above-and below-ground live biomass (Alongi 2012) . Chanda et al. (2016) assessed the changes in the Bangladesh Sundarbans's blue carbon stock (i.e. the carbon captured by ocean and coastal ecosystems in the form of biomass and sediments) over the last 30 years and, based on observed trends, generated a plausible scenario of the future carbon stock (after a hundred years). Applying this scenario with a hybrid model of Markov chain and cellular automata (a similar approach can be found in Mukhopadhyay et al. 2015) , the change in blue carbon stock is assessed. The magnitude of the above-and below-ground biomass of the various prominent species assemblages at present was acquired from Rahman et al. (2015) , and the carbon concentration of the various species was measured by sampling in selected points. Combining these datasets, the total blue carbon stock of all the species composition classes was estimated (see Mukhopadhyay et al. (2015) for details). At present, 36.24 Tg C 2 is stored above ground and 54.95 Tg C below ground in this forest resulting in a total blue carbon stock of 91.19 Tg C. According to the modelling, 15.88 Tg C (17.4 per cent of current capacity) would be lost from the area by the year 2115.
The low saline Heritiera-dominated species composition classes currently account for the major portion of the carbon sock (45.60 Tg C; almost 50 per cent of the total carbon stock), while the remainder is locked up in the moderate to high saline species. The predictions revealed that almost 22.42 Tg C would be lost from low saline regions accompanied by an increase of 8.20 Tg C in the high saline regions dominated mainly by Excoecaria and Avicennia. Low saline mangrove species are capable of higher carbon sequestration and photosynthetic carbon assimilation compared to those that thrive in high saline zones (Rahman et al. 2015; Nandy and Ghose 2001) . As already shown, due to the anticipated changes in salinity, this class of species would be most affected leading to a net forest carbon loss of 15.88 Tg C, and the increase in the moderate to high saline mangroves is insufficient to counterbalance the blue carbon loss from the low saline regions (Fig. 26.4) . Hence, a substantial net forest area loss along with the changes in species assemblage accompanied by carbon dioxide (CO 2 ) emission of 1121 Mg CO 2 ha/year is anticipated over the next 100 years. At the current cost of new atmospheric carbon (Polidoro et al. 2010 ), almost US$2.26 billion worth of carbon will be lost from the Bangladesh Sundarbans by the year 2115. 
Sundarbans Mangrove Ecosystem Services
Although mangroves are known for a wide range of ecosystem services, there have been few attempts to quantify and predict the future benefits provided by these ecosystems to both human beings and the climate as a whole. The Millennium Ecosystem Assessment classification of ecosystem services is probably the most well-known classification scheme (MEA 2005) . The Sundarbans mangrove ecosystem services include provisioning, for example, food, fuel wood, protection and a nursery for fish and crustaceans, and regulating/supporting, for example, by providing security to coastal communities from cyclones, wind action, wave action and currents and reducing damages to housing, infrastructure and food sources by reducing saline water intrusion. The mangroves also help to stop erosion as roots hold sediments in place and maintain the biotic water quality of the region, which in turn helps the fishing community. Another service extended by these mangroves include items like timber, fuel wood, thatching materials, honey and waxes, thus supporting the local as well as the national economy (see Chaps. 2 and 23). More than 200 tonnes of honey and 50 tonnes of beeswax are harvested per year from the Bangladesh Sundarbans under the supervision of Forest Department. The Sundarbans accounts for about 50 per cent of the honey produced in Bangladesh (Gani 2001) . By also providing cultural services and having recreational values in the form of eco-tourism, the Sundarbans mangrove ecosystem is one of the most valued ecosystems of the world. Based on the changes predicted in species assemblages (Sect. 26.2.2), it can be observed that species like Heritiera and Ceriops are likely going to reduce in future, whereas the abundance of species like Excoecaria and Bruguiera would increase. This implies that in the future, this ecosystem will not be able to provide the beneficial services such as high carbon sequestration rate (Nandy and Ghose 2001) , good timber and a few traditional uses of medicine (which is the speciality of Heritiera and Ceriops). There is also likely to be a decline in the regulating and supporting services like storm protection, shoreline protection and enhanced primary productivity. On the other hand, with increasing abundance of Excoecaria and Bruguiera, products from these species such as soft wood for making furniture and ornaments and medicinal values such as anti-tumour promoting drugs (Konoshima et al. 2001) would be better utilised. Increases in Excoecaria and Bruguiera might also be beneficial for ecosystem services such as soil formation and retention along with organic matter and nutrient enrichment in the forest floor. However, on the whole since the forest extent is predicted to decline by the end of 2100, the magnitude of ecosystem services is expected to decline, especially from those species which are less salt tolerant.
Management Strategy and Policy Framing
The foremost outcome that is evident from this research is that the mangrove forest cover of Bangladesh Sundarbans is expected to reduce in the future, although not at the alarming rate predicted by previous studies. The most adverse effects of this reduction in mangrove area would be the loss in both quality and quantity of ecosystem services that this ecosystem provides to the local community. In order to compensate for this loss in the main reserve forest area, substantial afforestation is required in the fringe areas and the less vulnerable areas of the forest. Although this kind of afforestation is already underway, local communities could be made more aware of it and their participation in such programmes encouraged. Also, instead of the current mono-species culture, afforestation programmes should be envisaged in such a way that the species diversity and heterogeneity of this ecosystem remain conserved. Special emphasis may be given to the freshwater-loving species like Heritiera and Ceriops in favourable locations. Mangrove plantation efforts could also be undertaken more in non-forest areas creating a toe line bio-shield for existing embankments. This re-afforestation would not only strengthen the ecosystem's carbon and biomass stock but also provide easily available forest products which could be utilised by the local poor people for their daily life sustenance and serve as an alternative livelihood option. At present, among the various ecosystem services that this forest provides, collection of honey along with wax are very crucial livelihood options for extremely poor people. In the future, the climate change-driven mangrove forest cover loss could substantially hamper natural production of honey and wax, accentuating the man-animal conflict during honey collection. It may therefore be advisable to promote apiculture in the vicinity of settlements as well as in the core forest areas as a sustainable livelihood option for the local population. This would ensure not only a secure income but the incidences of injury or even casualty during honey collection could be avoided.
A substantial amount of carbon is stored in the forest of Bangladesh Sundarbans at present. This sequestration can play a crucial role in combating the anthropogenic increase of CO 2 in the atmosphere. The natural performance of this mangrove ecosystem which in turn is beneficial to the global climate might be developed as a wealth-creating instrument under a well-functioning, well-informed market mechanism. However, unless a market mechanism, conferring rights to the forest-dependent community to trade carbon credit to the global community, is developed, sustainable development in the delta will remain elusive. 
